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Abstract. We use results of a 3-D photochemistry/transport
model for ozone formation in Mexico City during events in
1997 to investigate ambient concentrations of reactive nitro-
gen in relation to ozone-precursor sensitivity. Previous re-
sults from other locations suggest that ratios such as O3/NOy
and H2O2/HNO3 might provide measurement-based indica-
tors for NOx-sensitive or VOC-sensitive conditions. Mexico
City presents a different environment due to its high con-
centrations of VOC and high level of pollutants in general.
The model predicts a correlation between PAN and O3 with
relatively high PAN/O3 (0.07), which is still lower than mea-
sured values. The model PAN is comparable with results
from a model for Paris but much higher than were found
in Nashville in both models and measurements. The differ-
ence is due in part to the lower temperature in Mexico City
relative to Nashville. Model HNO3 in Mexico City is un-
usually low for an urban area and PAN/HNO3 is very high,
probably due to the high ratio of reactivity-weighted VOC
to NOx. The model predicts that VOC-sensitive chemistry in
Mexico is associated with high NOx, NOy and NOx/NOy and
with low O3/NOy and H2O2/HNO3, suggesting that these in-
dicators work well for Mexico City. The relation between
ozone-precursor sensitivity and either O3/NOz or O3/HNO3
is more ambiguous. VOC-sensitive conditions are associated
with higher O3/HNO3 than would be found in NOx-sensitive
conditions, but model O3/HNO3 associated with both NOx-
sensitive and VOC-sensitive chemistry is higher in Mexico
than in other cities. The model predicts a mixed pattern
of ozone-precursor sensitivity in Mexico City, with VOC-
sensitive conditions in the morning and NOx-sensitive in the
afternoon, in contrast to results from other models for more
recent events that predicted strongly VOC- sensitive condi-
tions throughout the day. The difference in predicted ozone-
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precursor sensitivity is most likely due to different emission
rates and to changes in emissions over time. The model
with mixed sensitivity predicts much lower ambient NOx and
NOx/NOy than the strongly VOC-sensitive model.
1 Introduction
The relation between ozone and its two main precursors,
volatile organic compounds (VOC) and nitrogen oxides
(NOx), remains a major source of uncertainty in polluted re-
gions. It is generally known that for some conditions the rate
ofozoneproductionincreaseswithincreasingNOx, whilefor
other conditions ozone production decreases with increasing
NOx and increases with VOC. However it is difﬁcult to de-
termine which conditions are prevalent for individual urban
areas. As a result it is often difﬁcult to develop effective con-
trol strategies for reducing ambient ozone.
Ozone-precursor sensitivity is usually determined based
on results of 3-dimensional chemistry/transport models, but
the model predictions are subject to considerable uncertainty.
Predicted O3-NOx-VOC sensitivity is sensitive in particular
to emission rates for NOx and VOC, the assumed reactivity
of VOC emissions and the photochemical representation. It
is especially difﬁcult to derive methods for evaluating the ac-
curacy of model sensitivity predictions. Models are routinely
evaluated in comparison with ambient O3, but it is frequently
possible to generate similar O3 in model scenarios with op-
posite results for O3-precursor sensitivity (e.g. Pierce et al.,
1998).
In recent years efforts have been made to derive informa-
tion about ozone-precursor sensitivity directly from ambi-
ent measurements. These “observation-based methods” pro-
vide a way to corroborate or refute the predictions for O3-
precursor sensitivity from models and also provide ways to
evaluate model performance that are linked to the accuracy
of the model sensitivity predictions. These methods include
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evaluations based on ambient NOx and VOC (e.g. Kleinman
et al., 2005), methods based on the difference between week-
day and weekend O3 (Stephens et al., 2008) and methods
based on reactive nitrogen and peroxides (Sillman, 1995;
Sillman and He, 2002). Methods based on direct measure-
ment of HO2 radicals are also in preparation based on work
described in Thornton et al. (2002) and Shirley et al. (2006).
Here, we focus on the predicted behavior of reactive nitro-
gen and peroxides in the Mexico City region. Previous re-
sults have shown that species ratios and correlations between
O3, reactive nitrogen and peroxides show distinctly different
patternsforNOx-saturated(VOC-sensitive)conditionsasop-
posed to NOx-sensitive conditions, and that the patterns ap-
pear to be similar for many urban areas in the US and in Eu-
rope. When predicted species ratios and correlations are dif-
ferent for NOx-sensitive and VOC-sensitive conditions, then
comparisons with measured values can provide an indirect
evaluation of the accuracy of model ozone-precursor sensi-
tivity. By contrast, when predicted species correlations show
similar patterns for both NOx-sensitive and VOC-sensitive
environments, then model agreement with measured values
may not provide a basis for evaluating the accuracy of model
sensitivity predictions.
Air pollution in Mexico has been the subject of intense
study in recent years (e.g. Molina et al., 2007). Conditions
in Mexico City differ from other urbanized regions in many
ways, including emission rates, VOC speciation, ambient
temperatures and photolysis rates (due to altitude). As a re-
sult the cycling of reactive nitrogen and its relation to odd
hydrogen radicals can be very different from other locations.
We will evaluate the predicted correlations among secondary
species in Mexico City from a 3-D photochemical model in
contrast to results obtained from models and measurements
in other cities, and determine whether these correlations are
good predictors of O3-NOx-VOC sensitivity. Results will be
used to identify measurements that might resolve the uncer-
tain relation between ozone and precursors in Mexico City.
2 Background
Correlations between secondary reaction products in photo-
chemically active regions reﬂect several different processes:
background concentrations for each species, relative rates
of photochemical production within the region, photochemi-
cal lifetimes and other removal processes. In regions where
photochemical production dominates, correlations between
species may provide an evaluation of model photochemistry.
For gas-phase species related to O3, three different pro-
cesses dominate. Peroxides are produced by the reactions
HO2+HO2 →H2O2 (R1a)
HO2+RO2 →ROOH (R1b)
where RO2 and ROOH represent hydrocarbon chains end-
ing in -O2 and -OOH respectively (for example, CH3O2 and
CH3OOH). Nitric acid is produced by
OH+NO2 →HNO3 (R2)
O3 is produced by a reaction sequence initiated by reactions
with the form
OH+VOC→RO2 (R3)
followed by
RO2+NO→NO2+products (R4)
NO2 then photolyzes to produce O3. Other species, includ-
ing PAN and other organic nitrates, are produced by similar
reaction sequences.
The contrast between NOx-sensitive and VOC-sensitive
photochemistry is closely related to the relative rates of for-
mation of peroxides (R1a and b) and nitric acid (R2), both of
which are sinks for odd hydrogen radicals and thus indirectly
affect the rate of ozone formation (Sillman, 1995; Kleinman
et al., 1997; Kleinman, 2005; Thornton et al., 2002). Conse-
quently, a high value for the ratio H2O2/HNO3 is associated
withNOx-sensitivephotochemistryandalowvalueisassoci-
ated with VOC-sensitive photochemistry. Rates of formation
of ozone (R3 and R4) and nitric acid (R2) also reﬂect differ-
ences in photochemistry, and the correlation between these
species may also reﬂect differences in O3-NOx-VOC sensi-
tivity, although less directly than H2O2/HNO3.
The relation between O3 and PAN is fundamentally differ-
ent from the relation between O3 and HNO3. PAN is pro-
duced by the reaction
OH+CH3CHO→CH3CO3 (R5)
followed by
CH3CO3+NO2 →PAN (R6)
The PAN precursor acetaldehyde (CH3CHO) is produced
from the oxidation of primary VOC in the presence of NOx
and is also emitted directly. Similar reaction sequences oc-
cur for other PAN precursors (such as methylglyoxal). This
sequence is analogous to Reactions (R3) and (R4), leading
to ozone formation. Consequently, ambient O3 is expected
to correlate with PAN but the correlation is not related to
O3-NOx-VOC sensitivity (Sillman et al., 2002). In addi-
tion, at warm temperatures PAN and CH3CO3 approach a
steady state value with PAN proportional to O3 (Sillman et
al., 1990). For NOx mixing ratios of 1ppb or higher the dom-
inant removal sequence for PAN is
PAN→CH3CO3+NO2 (R7)
followed by
CH3CO3+NO→CH3O2+NO2+CO2 (R8)
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The steady state concentration of PAN resulting from (R5),
(R6), (R7) and (R8) is
[PAN]=
k5k6
k7k8

NO2
NO

[OH][CH3CHO] (1)
where kn represents the rate for reaction n. The ratio
NO2/NO forms a steady state with O3 and is proportional
to O3 (e.g. Cantrell et al., 1992). PAN is therefore expected
to increase with O3, and the ratio PAN/O3 should increase in
proportion to local photochemical productivity.
3 Model description and application
Here we analyze the model simulations of the Mexico City
Metropolitan Area by West et al. (2004). West et al. (2004)
used the CIT model of atmospheric chemistry and transport,
with the SAPRC-99 chemical mechanism (Carter, 2000), and
using meteorological inputs from previous modeling using
the Regional Atmospheric Modeling System (RAMS, Fast
and Zhong, 1998). The model was applied to six two-day
periods during the IMADA measurement campaign in March
of 1997, where the model was allowed to initialize during the
ﬁrst day of each pair, and results were analyzed on the sec-
ondday. Themodelhorizontaldomainwas85.5×90kmwith
4.5km resolution. The model had 15 vertical layers extend-
ing to 4.6km above the surface.
Model predictions of VOCs, CO, and NOx were compared
with surface measurements of these species, and on the basis
of this comparison, emissions of VOCs were increased by a
factor of three relative to the ofﬁcial Mexico City inventory,
and of CO by a factor of two. The model predicted NOx
concentrations well, particularly with little bias during the
daytime. The increases in VOC and CO emissions were sup-
ported by other results using VOC/NOx and CO/NOx ratios
over many years (Arriaga-Colina et al., 2004). With these
corrections, the model reproduced both the spatial pattern
and timing of ozone concentrations well overall, and partic-
ularly on 2, 4, and 14 March.
On 4 March 1997, winds were from the north and sus-
tained during the day. Peak concentrations of ozone over
the city occurred early in the day (12–13h), while the over-
all predicted peak concentration occurred south of the city
at 14–15h. These results agree with ozone measurements
that show that the peak occurred early in the city center, and
later south of the city. We also show results for 2 March,
a day characterized by light and variable winds and some-
what higher ozone. Afternoon winds from the south blew
the peak ozone back over the city, such that the peak concen-
trations occurred over the city at 13–15h (in contrast with
4 March). Model results also agreed with measured peak
O3 both in terms of geographical distribution and the ab-
solute peak (235ppb measured, 199ppb modeled). Lastly,
14 March was characterized by lower afternoon temperatures
(22–24◦C in contrast to 27◦C), south winds and peak O3 to
the north of the city. The model underestimated peak O3 on
this day (164ppb at 14–15h modeled, 201ppb at 15–16h
measured), but the model average O3 over all measurement
sites during the afternoon agreed with the measured average
to within a few ppb.
West et al. (2004) reported extensive comparisons be-
tween model results and measured O3, VOC and NOy during
the event. They found generally good agreement for these
species following their adjustment in emission rates. West et
al. (2004) also compared model results with previous mea-
surements of PAN (Gaffney et al., 1999) and total nitric acid
(gas phase HNO3 plus particulate nitrate, Chow et al., 2002).
They found that model PAN was lower than the average mea-
surements by a factor of two, while total nitric acid was only
slightly underestimated (26%).
Because of the small size of the model domain, the results
may be especially sensitive to boundary conditions. The re-
sults also will not include the effect of ozone production and
precursor emissions at the regional scale and upwind from
Mexico City. West et al. (2004) reported that boundary con-
ditions had relatively little impact on model VOC in the Mex-
ico City urban center. However, results for locations outside
the urban center and downwind plume may be sensitive to
boundary conditions.
4 Results
4.1 Comparison between Mexico City, Paris
and Nashville
Figure 1 shows model correlations for O3 versus NOx reac-
tion products (NOy-NOx, or NOz) for the ensemble of model
locations in Mexico City at 13–14h and 15–16h on 4 March.
The correlation shows surface values of O3 versus NOz for
the entire model domain, which includes both Mexico City
and the surrounding rural area. The ﬁgure also shows equiv-
alent correlations from model-based studies in two different
locations: Nashville (Sillman et al., 1998) and Paris (Sillman
et al., 2003). The previous studies also included comparisons
with measured O3 versus NOz for the model events and gen-
erally good agreement. Results are also shown for HNO3,
PAN and other organic nitrates. The Nashville model results
for PAN are also consistent with the measured correlations
between O3 and PAN in the region reported by Roberts et
al. (1998). Measured HNO3 was not available for compari-
son in the previous studies.
Resuts show that the model correlation for O3 ver-
sus summed NOz in Mexico is similar to correlations in
Nashville and in Paris. There is also little change in the
correlation between 13–14h and 15–16h. Because this cor-
relation is associated with the ozone production efﬁciency
per NOx (e.g. Trainer et al., 1993), this result suggests that
the ozone production efﬁciency in Mexico City is similar to
other locations. However, the results are very different for
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Fig. 1. Model O3 vs. reactive nitrogen in ppb at four locations:
Mexico City on 4 March 1997 at 12–13hLT (purple asterisks), and
15–16h (green circles), Nashville (blue diamonds) and Paris (X’s).
Results are shown for (a) summed NOx reaction products (NOz),
(b) HNO3, (c) PAN (d) other organic nitrates, (e) summed total
reactive nitrogen (NOy), and (f) NOx.
correlations involving speciﬁc reaction products. Results for
O3 versus HNO3 show a positive correlation between the two
species at each location but with different O3/HNO3 ratios.
The O3/HNO3 ratio is lowest for Paris, somewhat higher
for Nashville, and much higher in the model for Mexico.
The O3/HNO3 ratio for Mexico also changes between 13–
14h and 15–16h at the locations with highest O3, increasing
from 20 at 13–14h to 50 at 15–16h. By contrast the model
O3/HNO3 associated with peak O3 is 10 for Paris and 14
for Nashville. HNO3 represents approximately 50% of total
NOz in Paris and in Nashville but just 20% in Mexico City.
Signiﬁcant differences among the three locations also ap-
pear for PAN. Absolute modeled concentrations of PAN are
comparable in Mexico and Paris, and are signiﬁcantly higher
than in Nashville. The model PAN is approximately 50%
lower than the average from an ensemble of measurements
at one station in Mexico City (Gaffney et al., 1999). High
concentrations of PAN were also reported in model results
by Lei et al. (2007). The O3/PAN ratio is much higher for
Nashville than for the other cities. O3/PAN ratios are simi-
lar for Paris and Mexico, although the slope between O3 and
PAN is lower for Paris. Results for Mexico are similar at
13–14h and 15–16h on 4 March, although on 2 March the
O3-PAN correlation for Mexico showed greater scatter. The
measurementsfromGaffneyetal.(1999)showedaloosecor-
relation between PAN and O3 with an average PAN/O3 ra-
tio equal to .12 for O3 above 100ppb. The model PAN/O3
is signiﬁcantly lower (.07) but the measured PAN, O3, and
PAN/O3 still fall within the range of measured values. Re-
sults for other organic nitrates showed much higher concen-
trations in relation to O3 for Mexico than for either Nashville
or Paris.
The correlation between O3 and NOy is weaker than the
correlation between O3 and NOx reaction products. The
model correlation for Mexico at 15–16h is comparable to
the model results for Nashville and Paris. All three cases
show O3 generally increasing with NOy and a similar range
of values, and all three cases include some locations with
much lower O3/NOy, probably reﬂecting fresh NOx emis-
sions. The correlation for Mexico at 13–14h differs in that
it includes a number of locations with high O3 and much
higher NOx. At the other sites and at Mexico at 16h the
highest O3 is associated with 20–25ppbNOy, but in Mex-
ico at 14h the highest O3 is associated with NOy between
25 and 50ppb. The O3/NOy ratio associated with high O3
is also much lower. The high NOy in Mexico at 14h is due
to larger NOx and lower rates of photochemical processing
(related to NOx/NOy). O3 generally increases with NOy for
NOy below 25ppb but not for higher NOy.
There is little correlation between O3 and NOx at any of
the sites, and the highest O3 is often associated with rela-
tively low NOx. In Paris and Nashville the highest O3 is
found in downwind locations following removal of NOx.
Mexico at 16h shows this pattern, and peak O3 in Mexico
is associated with 6ppbNOx. Mexico at 14h shows a differ-
ent pattern. At that time O3 is predicted to increase with NOx
and NOx associated with peak O3 ranges from 6 to 20ppb.
4.2 Ambient species and ozone-precursor sensitivity
Model predictions for O3-precursor sensitivity are derived by
repeating the original model scenario (a) with a 50% reduc-
tion in emission of anthropogenic hydrocarbons and (b) with
a50%reductioninanthropogenicNOx. Theresultingchange
in O3 at each model location relative to the initial scenario
is shown in Fig. 2 for 2 March, 12–13h and 15–16h. As
shown in the ﬁgure, the response to reduced VOC and NOx
varies greatly with the time of day and model location. At
some locations O3 decreases in response to a reduction in
NOx but changes little in response to VOC, while at other
locations O3 decreases in response to a reduction in VOC
but changes little in response to NOx. Many model loca-
tions show a mixed response with reduced O3 in response to
reductions in either VOC or NOx. The main feature of the
model sensitivity predictions is a shift from predominantly
VOC-sensitive conditions at 12–13h to NOx-sensitive con-
ditions at 15–16h. A similar shift was predicted for 4 March
and 14 March. For 13–14h and 14–15h the model pre-
dicted a mixed response with a roughly equal reduction in O3
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Fig. 2. Predicted reduction in surface O3 in each model horizontal
grid resulting from (i) a 50% reduction in anthropogenic VOC and
(ii) a 50% reduction in NOx, shown for 2 March at (a) 12–13h and
(b) 15–16h. The dashed lines identify the ﬁve categories for pre-
dicted O3-NOx- VOC sensitivity used in subsequent ﬁgures: NOx-
sensitive, mixed, VOC-sensitive, locationsdominatedbyNOx titra-
tion, and locations with little sensitivity to VOC and NOx (usually
found near the upwind boundary).
resulting from reductions in either VOC or NOx. These sen-
sitivity predictions differ from the model results reported by
Lei et al. (2007), which found predominantly VOC-sensitive
chemistry during a different event, as discussed later.
Although the predicted response to precursor reductions
was generally similar for all three days there was an im-
portant difference in geographical distribution. On 4 March
the highest O3 was found in the plume south of Mexico
City. Peak O3 within the city itself occurred at 12–13h and
was associated with strongly VOC-sensitive conditions in the
model. By contrast, on 2 March the ozone plume remained
in the city through 15–16h so that peak ozone within the city
occurred later (13–15h) and showed sensitivity to both VOC
and NOx. The size of the predicted reduction in O3 generally
increases with O3. However, the reductions due to reduced
VOC at 12–13h tend to be larger than the reductions due to
reduced NOx at 15–16h. The latter feature is especially note-
worthy on 4 March. Much of the model domain (including
urban Mexico City) has moderately high O3 (100–120ppb)
at 15–16h. Ozone at this hour shows greater sensitivity to
NOx than to VOC, but even a 50% reduction in NOx is pre-
dicted to yield only a small (5%–10%) reduction in O3 over
most of the model domain. The largest reduction due to re-
duced NOx (associated with the highest O3 at 15–16h) was
18%. By contrast, a 50% reduction in VOC is predicted to
yield a 20%–30% reduction in O3 (including peak O3) at 12–
13h, athoughreducedVOChadlittleeffectonO3 at15–16h.
As will be discussed below, O3-precursor sensitivity pre-
dictions are very uncertain and there is contradictory ev-
idence from other models in the case of Mexico. Here
we intend to use the sensitivity results to identify speciﬁc
speciesconcentrationsthatareassociatedwithNOx-sensitive
or VOC-sensitive photochemistry. This approach has been
used extensively before (e.g. Sillman and He, 2002) to pro-
vide a basis for evaluating the accuracy of model predictions
through a measurement-based program.
In order to evaluate the relation between predicted O3-
precursor sensitivity and ambient species concentrations we
will use the following deﬁnitions, which are also illustrated
in Fig. 2. A location is deﬁned as NOx-sensitive at a given
time if O3 at that hour decreases by at least 5ppb in response
to reduced NOx and if the decrease in response to reduced
NOx is at least twice as large as the decrease in response to
reduced VOC. A location is deﬁned as VOC-sensitive if O3
decreases by at least 5ppb in response to reduced VOC and
if the decrease in response to reduced VOC is at least twice
as large as the decrease in response to reduced NOx (or if O3
increases in response to reduced NOx). A location is deﬁned
as having mixed sensitivity if O3 decreases by at least 5ppb
in response to either reduced VOC or reduced NOx and if the
decreaseinresponsetoreducedVOCandreducedNOx differ
by less than a factor of two. Lastly, a location is deﬁned as
dominated by NOx titration if O3 increases by 5ppb or more
inresponsetoreducedNOx anddoesnotdecreaseby5ppbor
more in response to reduced VOC. The latter condition usu-
ally occurs in plumes from large power plants with very high
NOx, low VOC and little photochemical activity other than
the removal of O3 through reaction with directly emitted NO.
In this study no locations met the deﬁnition for NOx titration
during the time periods shown. Locations that do not show a
5ppb change in response to either reduced NOx or reduced
VOC are omitted from the subsequent analysis. Species con-
centrations at these omitted locations generally represented
the model boundary conditions (sometimes combined with
direct emissions) with little photochemical processing. Sim-
ilar deﬁnitions were used by Sillman and He (2002).
www.atmos-chem-phys.net/9/3477/2009/ Atmos. Chem. Phys., 9, 3477–3489, 20093482 S. Sillman and J. J. West: Reactive nitrogen and ozone-precursor sensitivity in Mexico
Fig. 3. O3 vs. NOy (ppb) sorted by precursor sensitivity. Loca-
tions are identiﬁed as primarily sensitive to NOx (green circles),
primarily sensitive to VOC (Xs), and with mixed sensitivity (pink
squares). Results are for (a) 2 March, 12–13h; (b) 2 March, 15–
16h; (c) 4 March, 12–13h; (d) 4 March, 15–16h; (e) 14 March,
12–13h; (f) 14 March, 15–16h; (g) composite of 4 hourly intervals
from 12h to 16h on 2 and 4 March; and (h) composite of 4 hourly
intervals from 12h to 16h on 14 March, all in 1997.
These sensitivity categories are used to characterize the
predicted change in ozone in response to reduced NOx or
VOC at speciﬁc hours and will be used in combination with
predicted ambient concentrations at the same hour. The sen-
sitivity categories for a given location at one hour do not nec-
essarily apply to other times; some locations change from
VOC-sensitive to NOx-sensitive at different hours (Fig. 2).
Figure 3 shows model O3 versus NOy for Mexico City
for 2, 4 and 14 March with locations identiﬁed based on
model precursor sensitivity. Results are shown for surface
values over the full model domain (including Mexico City
and the surrounding rural area), excluding locations that
showed little sensitivity response to either NOx or VOC.
The sensitivity categorizations illustrate the shift from pri-
Fig. 4. O3 vs. NOz (ppb) sorted by precursor sensitivity. Loca-
tions are identiﬁed as primarily sensitive to NOx (green circles),
primarily sensitive to VOC (Xs), and with mixed sensitivity (pink
squares). Results are for (a) 4 March, 12–13h; (b) 4 March, 15–
16h; (c) composite of 4 hourly intervals from 12h to 16h on 2 and
4 March; and (d) composite of 4 hourly intervals from 12h to 16h
on 14 March, all in 1997.
marily VOC-sensitive conditions at 12–13h on both days
to primarily NOx-sensitive conditions at 15–16h. The ﬁg-
ure also shows a change in the values of ambient O3 ver-
sus NOy that apparently corresponds with the change in pre-
dicted sensitivity. VOC-sensitive conditions generally cor-
respond with model NOy greater than 30ppb and O3/NOy
ratios lower than 4.5. NOx-sensitive conditions are associ-
ated with NOy below 25ppb and O3/NOy ratios higher than
4.5 (and usually higher than 6). Similarly, the model shows
a shift in ambient NOy and O3/NOy between 12–13h and
15–16h that matches the predicted shift from VOC-sensitive
to NOx-sensitive conditions. The difference in ambient mix-
ing ratios associated with NOx-sensitive and VOC-sensitive
conditions is also illustrated by composite plots (Fig. 3g and
h), which show O3 versus NOy for all four hour intervals
from 12 to 16h on the same plot. The composite plots show
a clear separation between the values for predicted O3 and
NOy associated with NOx-sensitive and VOC-sensitive con-
ditions on 2 March and 4 March. The separation between
NOx-sensitive and VOC-sensitive values is somewhat less on
14 March. There are also a few instances of VOC-sensitive
conditions coincident with O3 and NOy that would suggest
NOx-sensitive conditions, and vice versus. These are most
obvious in Fig. 3e. The link between O3/NOy and pre-
dicted ozone-precursor sensitivity is consistent with results
from models in other locations described by Sillman and
He (2002) and Sillman (1995).
Figure 4 shows model O3 versus NOz associated with pre-
cursor sensitivity. In this and subsequent plots we show re-
sults at 12–13h and 15–16h only for 4 March, along with
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Fig. 5. O3 vs. HNO3 (ppb) sorted by precursor sensitivity, as in
Fig. 4.
composite plots for 12–16h for all three days. Here the
difference between NOx-sensitive and VOC-sensitive loca-
tions is relatively small. On 2 March and 4 March the NOx-
sensitive locations (visible primarily at 15–16h) have NOz
below17ppbwhiletheVOC-sensitivelocations(at12–13h),
with few exceptions, have NOz between 15 and 25ppb. The
correlation between O3 and NOz among NOx-sensitive loca-
tions, if extended to higher NOz, would show higher O3 rela-
tive to NOz in comparison with the VOC-sensitive locations.
The VOC-sensitive locations mostly have O3/NOz ratios be-
low 7, while the NOx-sensitive locations had higher ratios.
This difference between NOx-sensitive and VOC-sensitive
conditions is consistent with results from locations described
by Sillman and He (2002) and Sillman et al. (2003). How-
ever on 14 March the O3-NOz correlation is nearly identical
for both NOx-sensitive and VOC-sensitive conditions, and
correspondswiththecorrelationassociatedsolelywithVOC-
sensitive conditions on the other days.
Even on 2 March and 4 March the difference in O3/NOz
between NOx-sensitive and VOC-sensitive locations in the
model for Mexico is smaller than in models for other lo-
cations. There is also signiﬁcant overlap between O3-NOz
correlations associated between NOx-sensitive and VOC-
sensitive conditions, so that it may not be possible to clearly
distinguish between NOx-sensitive and VOC-sensitive cor-
relation patterns. The difference between NOx-sensitive and
VOC-sensitive conditions corresponds to a difference in NOz
of less than 30%. This is comparable to the 20% uncertainty
in model ambient concentrations attributed to uncertainties
in chemical reaction rates (Gao et al., 1996). The O3-NOz
slope shown in Fig. 4 (for 4 March) was signiﬁcantly lower
at 12–13h and higher at 15–16h (4 vs. 6), but the difference
in slope was not consistent among the three model days. The
slope for 2 March was similar at 12–13h and 15–16h (6).
Fig. 6. H2O2 vs. HNO3 (ppb) sorted by precursor sensitivity, as in
Fig. 4.
Results for O3 versus HNO3 (Fig. 5) also show a dif-
ference between NOx-sensitive and VOC-sensitive locations
on 2 March and 4 March, and a corresponding shift in val-
ues between 12–13h and 15–16h. The VOC-sensitive loca-
tions mostly have HNO3 (interpreted to represent the sum of
gas-phase HNO3 and particulate NO3) greater than 3.5ppb
and O3/HNO3 below 30. The NOx-sensitive locations have
HNO3 below 3.2ppb and O3/HNO3 above 40. However,
these results differ from results in other locations. Sill-
man (1995) and Sillman and He (2002) found that VOC-
sensitive conditions usually corresponded to O3/HNO3 be-
low 15 and that NOx-sensitive conditions usually corre-
sponded to O3/HNO3 between 20 and 30 (assuming O3
above 100ppb). Much of the O3 and HNO3 associated with
NOx-sensitive conditions in Sillman and He (2002) would
be associated with VOC-sensitive conditions in the model
for Mexico City shown here. There is also much greater
overlap between the values associated with VOC-sensitive
conditions and with NOx-sensitive conditions in the model
for Mexico City. Some VOC-sensitive locations have low
HNO3 and high O3/HNO3, equivalent to the NOx-sensitive
locations. On 14 March there is again no difference between
the values of O3 and HNO3 associated with NOx-sensitive
and VOC-sensitive conditions, in contrast with results on
2 March and 4 March and in contrast with previous results
from other cities.
O3 versus PAN (not shown) shows no discernible differ-
ence between NOx-sensitive and VOC-sensitive locations.
This result was also reported by Sillman et al. (2003) for
Paris.
Results for H2O2 versus HNO3 (Fig. 6) show a large dif-
ference between NOx-sensitive and VOC-sensitive locations
and an equivalent shift in values between 12–13h (VOC-
sensitive) and 15–16h (NOx-sensitive). VOC-sensitive
locations mostly have low H2O2 (<0.5ppb) and low
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Fig.7. O3 vs.NOx (ppb)sortedbyprecursorsensitivity, asinFig.4.
H2O2/HNO3 ratios (<0.1). NOx-sensitive locations have
higher H2O2 (0.2–1ppb) and H2O2/HNO3 (>0.2). This dif-
ference between NOx-sensitive and VOC-sensitive locations
is similar on all three model days, including 14 March. As in
previous studies (Sillman and He, 2002), there is little cor-
relation between H2O2 and HNO3 except possibly in sub-
regions with either uniformly NOx-sensitive or uniformly
VOC-sensitive conditions. However there is a large differ-
ence in H2O2/HNO3 values associated with NOx-sensitive
and VOC-sensitive chemistry.
Model H2O2 and HNO3 are both much lower than the
model values in Sillman and He (2002) but the H2O2/HNO3
ratios associated with NOx-sensitive and VOC-sensitive con-
ditions are similar to the values reported by Sillman and He.
The low H2O2 may be due in part to the model boundary
conditions (with zero H2O2), although we do not anticipate
elevated H2O2 upwind from Mexico City. It is noteworthy
that the model predicts NOx-sensitive conditions even for
low H2O2. Low ambient H2O2 is often interpreted as ev-
idence for VOC-sensitive conditions (e.g. Nunnermacker et
al., 2008). Here, relatively lowH2O2 can coincide withNOx-
sensitive conditions because HNO3 is also very low.
Lastly, results for O3 versus NOx (Fig. 7) show a signif-
icant difference between NOx-sensitive and VOC-sensitive
locations on all three days. VOC-sensitive locations were
associated with NOx above 10ppb, while NOx-sensitive lo-
cations were associated with lower values. O3 versus NOx
was proposed by McKeen et al. (1991) as a way to distin-
guish between NOx-sensitive and VOC-sensitive locations.
It was omitted by Sillman and He (2002) because they
found many exceptional situations in which high NOx corre-
sponded with NOx-sensitive conditions and lower NOx with
VOC-sensitiveconditions. Wedidnotﬁndsimilarexceptions
in Mexico City.
Ozone-precursor sensitivity in the model for Mexico City
is also strongly correlated with the NOx/NOy ratio (Fig. 8)
Fig. 8. O3 vs. NOx/NOy (ppb) sorted by precursor sensitivity, as in
Fig. 4.
that is widely used to represent photochemical aging (e.g. Ol-
szyna et al., 1994). VOC-sensitive locations have NOx/NOy
greater than 0.4, while NOx-sensitive locations have lower
NOx/NOy. This result also may not be applicable to other
locations, but it may be useful in evaluating model ozone-
precursor predictions for Mexico.
5 Discussion
The model results for Mexico show two distinct features in
comparison with other regions: a relatively high amount of
organic nitrates (especially PAN) and low HNO3; and differ-
ences in the correlation between ozone-precursor sensitivity
and model values for secondary species. The model predicts
that VOC-sensitive chemistry is associated with high NOy
and with low O3/NOy and H2O2/HNO3, in agreement with
previous results. In contrast with some previous results, how-
ever, ozone-precursor sensitivity was also strongly correlated
with the ratios O3/NOx and NOx/NOy and was weakly cor-
related with O3/NOz and O3/HNO3. The results also have
some implications for O3-NOx-VOC sensitivity in Mexico,
especially when considered in comparison with results from
other investigations.
5.1 PAN and HNO3
The predicted ratio of PAN to O3 is comparable to the pre-
dicted ratio in Paris and is higher than the ratio in Nashville
by a factor of two. This result can be analyzed in relation to
the PAN steady state Eq. (1). Two factors might contribute
to a higher PAN/ O3 ratio: a larger rate of production due
to Reaction (R5) (OH+CH3CHO) and equivalent reactions
for other PAN sources; or a slower rate of decomposition for
PAN (R6) due to lower temperatures.
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The rate of Reaction (R5) is broadly representative of all
VOC+OH reactions and is likely to vary in proportion to
the rate of production of O3. A signiﬁcant increase in the
PAN/O3 ratio would be possible if the rate of production
of O3 during the events in Mexico and in Paris was larger
than the rate of production in Nashville, despite similar O3
concentrations. This would occur if the Nashville model
represented downwind conditions with transported O3. The
Nashvilleeventwasassociatedwithamulti-dayregionalpol-
lution episode with up to 85ppbO3 in rural upwind loca-
tions, so it is expected that rates of ozone production would
be lower in Nashville than in Mexico for a given O3 concen-
tration.
Another possibility is that the speciated VOC in Mexico
and in Paris contained a higher proportion of speciﬁc precur-
sorsofPANthantheVOCinNashville. Thisisalikelypossi-
bility for Mexico because subsequent measurements showed
large decreases in both PAN and the PAN/O3 ratio, as a result
of large reductions in emission of light oleﬁns (Marley et al.,
2007).
While these are possibilities, the differences in PAN and
PAN/O3 can also be explained by the inﬂuence of temper-
ature on the PAN decomposition rate. Maximum surface
temperature during the model events was much warmer in
Nashville (307K) than in Paris (300) or in Mexico (300).
Based on current rate estimates (Sander et al., 2003) the PAN
decomposition rate in Nashville should be higher than the
rate in Paris or in Mexico by a factor of three. These large
rate differences may be partially compensated by differences
in the height of the convective mixed layer. The estimated
mixed layer height was higher in Nashville (2600m) than
in Paris (2000m) but comparable to the mixing heights for
Mexico (2700–3200m on 2 and 4 March, 1900–2600 on 14
March, from West et al., 2004). The PAN lifetime (40min
at 298K, 10min at 307K) is somewhat shorter than the time
scale for mixing in an active convective boundary layer, so
that the effective removal rate for PAN is also inﬂuenced by
the temperature throughout the mixed layer. If the PAN de-
composition rate is based on the estimated average tempera-
ture within the convective mixed layer, the rate is still faster
in Nashville than in Paris by approximately a factor of two.
Due to the deeper convective mixed layer in Mexico, the ef-
fective PAN decomposition rate in Mexico should be slower
than in Paris, and should be slower than in Nashville by at
least a factor of three. Therefore, the difference in the PAN
decomposition rate is sufﬁcient to explain the difference in
PAN/O3 by itself.
The PAN/HNO3 ratio also shows large differences be-
tween Mexico and the other locations. The PAN/HNO3 in-
creases from 0.4 (Nashville) to 1 (Paris) to 3 or higher in
Mexico. This difference in PAN/HNO3 between Nashville
and Paris is comparable to the difference in PAN/O3 be-
tween the two locations, and can also be explained by the
difference in the PAN decomposition rate associated with
temperature. However, the difference between Mexico and
the other cities is much larger for PAN/HNO3 than for
PAN/O3, and cannot be explained solely in terms of tem-
perature. The formation of PAN and HNO3 is driven by Re-
actions (R5) (OH+CH3CHO) and (R2) (OH+NO2) respec-
tively. The higher PAN/HNO3 in Mexico suggests a higher
ratio of CH3CHO (or of other organic precursors of PAN) to
NO2 or, more generally, a higher ratio of reactivity-weighted
VOC to NOx. The high VOC/NOx ratio in Mexico was
included in the model emissions, and recent measurements
have found that the ratio of reactivity-weighted VOC to NOx
in Mexico is higher than in New York City by a factor of ten
(Shirley et al., 2006).
The high PAN/HNO3 ratio also has implications for the
behavior of odd hydrogen radicals (OH and HO2) in Mex-
ico City. Normally the formation of peroxides and HNO3
represent the main radical sinks. Here, the net formation of
PAN and other organic nitrates is much larger than the for-
mation rates for both peroxides and HNO3. This may pose
a problem for the constrained steady state (CSS) evaluations
of measured OH and HO2 (e.g. Shirley et al., 2006; Volka-
mer et al., 2007). The CSS calculations determine the ex-
pected OH and HO2 based on measured concentrations of
long-lived species (NO, NO2, O3, speciated VOC). It is dif-
ﬁcult to include net formation of PAN in this representation
because the measurements may not include the direct pre-
cursors of PAN (acetaldehyde and methyl glyoxal). Shirley
et al. (2006) found good agreement between calculated and
measured OH and HO2 despite their apparent omission of
PAN as a radical sink, but the role of PAN may represent a
signiﬁcant uncertainty.
5.2 Indicators for NOx-VOC sensitivity
Results from the Mexico City simulations show signiﬁcant
differences from previous results (Sillman, 1995; Sillman
and He, 2002) in the use of ratios such as O3/NOz, O3/HNO3
and H2O2/HNO3 as measurement-based “indicators” of O3-
NOx-VOC sensitivity. The differences are especially impor-
tant because these types of ratios and correlations provide
useful evidence on NOx-VOC sensitivity only if they behave
consistently in models for a wide range of conditions. If a
particular ratio appears to be correlated with NOx-VOC sen-
sitivity only for certain model conditions, then it is unclear
whether the correlation reﬂects the underlying photochemi-
cal process or whether it is accidental.
Here we have found that H2O2/HNO3 in the model for
Mexico correlates with model NOx-VOC sensitivity consis-
tently with results from other cities. The H2O2/HNO3 ratio
is also related more closely to NOx-VOC chemistry than the
other ratios. O3/NOy also correlates with model NOx-VOC
sensitivity in the same way as in the previous studies, but
the behavior of individual NOy species is somewhat differ-
ent. The ratio O3/NOx is strongly correlated with NOx-VOC
sensitivity in Mexico and this accounts for most of the cor-
relation between O3/NOy and NOx-VOC sensitivity. In the
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previous results from Sillman and He (2002) high O3/NOx
tended to correlate with NOx-sensitive conditions, but there
were signiﬁcant exceptions in which high O3/NOx coincided
with VOC-sensitive chemistry.
The major difference from previous results involves
O3/NOz and O3/HNO3. Both of these ratios show a small
difference between NOx-sensitive and VOC-sensitive condi-
tions on two of the three model days, and no difference on the
third day (14 March). The poor results for these ratios may
be due in part to the much higher net production of PAN and
other organic nitrates in Mexico as opposed to other loca-
tions. The ratio O3/PAN is usually not correlated at all with
NOx-VOC-sensitivity (Sillman et al., 2003), so that if NOz
consists mainly of organic nitrates the correlation between
O3/NOz and NOx-VOC-sensitivity should be weaker. In this
context it is noteworthy that the 14 March event had some-
what lower afternoon temperatures than the other days (24◦C
vs. 27◦C), which leads to higher concentrations of PAN.
In addition to showing a weaker correlation with NOx-
VOC-sensitivity, the ratio O3/HNO3 also showed a shift
towards higher values for both NOx-sensitive and VOC-
sensitive conditions in the model for Mexico relative to mod-
els for other locations. Elsewhere it was found that NOx-
sensitive chemistry was associated with O3/HNO3 greater
than 15, but in the model for Mexico VOC-sensitive chem-
istry is associated with O3/HNO3 as high as 30. This shift
may also be due to the high rate of formation of organic ni-
trates and the high PAN/HNO3.
The rationale for O3/HNO3 as a NOx-VOC sensitivity
indicator is based on the radical chemistry summarized in
Sect. 2. NOx-sensitive chemistry occurs when the formation
rate of peroxides (R1a and R1b) is high relative to the for-
mation rate of nitric acid (R2) and VOC-sensitive chemistry
occurs when the formation rate of HNO3 is larger by more
than a factor of 2. The larger formation rate of HNO3 as a
fraction of the total radical source leads to lower O3/HNO3
and O3/NOz in VOC-sensitive locations. In Mexico, how-
ever, the radical sink is dominated by formation of PAN and
other organic nitrates. Formation of HNO3 is smaller as a
fraction of the total radical sink even when it is large relative
to formation of peroxides. Consequently the O3/HNO3 asso-
ciated with NOx-sensitive and VOC-sensitive conditions in
Mexico are both larger than the values associated with NOx-
sensitive and VOC-sensitive conditions in other locations.
Sillman(1995)notedthattheaccumulatedsinkforoddhy-
drogen radicals may be represented by the sum 2H2O2+NOz
and that the ratio O3/(2H2O2+NOz) remains invariant in pol-
luted regions for both NOx-sensitive and VOC-sensitive con-
ditions. Since NOx-sensitive chemistry occurs when for-
mation of peroxides is high relative to formation of HNO3,
NOx-sensitive chemistry should in theory be associated with
high values of the ratio O3/(HNO3+NOz). NOx-sensitive and
VOC-sensitive regions coincide with high (>6) and low (<5)
values for O3/(HNO3+NOz) in both the model for Mexico
and the models for Nashville, Paris and elsewhere reported
by Sillman and He (2002). Since Mexico has much lower
HNO3/NOz than other locations, the corresponding values
for O3/HNO3 associated with both NOx-sensitive and VOC-
sensitive locations are higher than elsewhere.
Though not shown here, the high PAN/HNO3 may also af-
fect the Ln/Q approach developed by Kleinman et al. (1997,
2005) to evaluate how instantaneous production of O3 varies
with NOx and VOC. The Ln/Q is based on the rate of removal
of NOx (Ln), and the relative rate of production of odd hy-
drogen radicals (Q), assuming that formation of HNO3 is the
dominant radical sink. An Ln/Q greater than 0.5 identiﬁes a
situation in which formation of HNO3 is greater than forma-
tion of peroxides and indicates local VOC-sensitive chem-
istry. A modiﬁcation may be necessary for cases in which
formation of organic nitrates represents the dominant radical
sink.
A change in rate of PAN formation should not affect the
relative sensitivity of O3 to NOx and VOC directly because
PAN formation represents a sink for both NOx and radi-
cals. However, a change in PAN formation can affect the
interpretation of measurements that are associated with NOx-
sensitive and VOC-sensitive conditions, including O3/NOz,
NOx/NOy and Ln/Q.
5.3 Implications for ozone-precursor sensitivity
Model-based predictions for the response of O3 to reduced
NOx and VOC in urban areas are always subject to signiﬁ-
cant uncertainty. The uncertainties are especially important
in this case because emission of VOC have been increased
by a factor of three relative to the original inventory. The in-
creased emission rates have been justiﬁed based on ambient
measurements(Arriaga-Colinaetal., 2004; Westetal., 2004)
but the process implies signiﬁcant uncertainty, both for VOC
by itself and for VOC relative to NOx. Model predictions for
O3-NOx-VOC sensitivity are sensitive to emission rates for
total VOC and also to VOC speciation. There are also uncer-
tainties related to various model dynamical and photochemi-
cal properties (e.g. Thornton et al., 2002). O3-precursor sen-
sitivity also can vary from day to day, and the three events
described here may not be representative.
Results from this model suggest mixed sensitivity to NOx
and VOC, rather than a purely NOx-sensitive or VOC-
sensitive environment. Results also suggest a shift from a
primarily VOC-sensitive environment before 14h to a more
NOx-sensitive environment after 16h. The instantaneous
production rates for O3 in the model (as opposed to the O3
concentrations) shift from being primarily VOC-sensitive in
the morning to primarily NOx-sensitive after noon. This pre-
diction might be tested though evaluation of instantaneous
production rates based on measured NO and HO2 (as in
Shirley et al., 2006). A shift from VOC-sensitive conditions
during the morning hours to NOx-sensitive conditions during
the afternoon has been found previously in many locations
(e.g. Milford et al., 1994, Kleinman et al., 2005) and may be
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due to photochemical aging or to increased vertical dilution.
Lei et al. (2008) also reported a shift towards NOx-sensitive
conditions associated with photochemical aging in the plume
downwind from Mexico City.
The sensitivity results described here contrast sharply with
the ﬁndings of Lei et al. (2007, 2008). Lei et al. (2007)
applied a photochemical model to a different episode (13–
16April2003)andconcludedthatO3 remainspredominantly
sensitive to VOC throughout the day. The sensitivity predic-
tions from Lei et al. (2007) are also consistent with results
from Stephens et al. (2008) based on the contrast between
weekday and weekend O3.
The most likely reason for the difference in sensitivity pre-
dictions between West et al. (2004) and Lei et al. (2007) is
the decrease in VOC emission rates and VOC/NOx emis-
sion ratios between 1997 and 2003. Results from Zavala et
al. (2009) suggest that CO and VOC emissions from mobile
sources decreased by approximately 40% over this time pe-
riod while NOx emissions remained unchanged. Marley et
al. (2007) also reported evidence of a signiﬁcant decrease in
emissions of light oleﬁns based on changes in ambient PAN
concentrations. Other possible reasons for the difference in-
clude different estimations of VOC emissions and different
meteorological conditions during the simulated events. It
has also been suggested that vertical mixing is too rapid in
the CIT model used here (Velasco et al., 2007), which can
also lead to a more NOx-sensitive simulation, but West et
al. (2004) report good agreement with NOy measurements,
suggesting that errors in vertical mixing may not be large.
West et al. (2004) and Lei et al. (2007) both increased
VOC emissions with respect to their base inventories, but
Lei et al. increased emissions by 65% whereas West et al.
increased emissions by 200%. The resulting VOC emissions
were 1425kton per year in West et al. and 900 kton per year
in Lei et al. The lower VOC emissions in Lei et al. result
in a more VOC-sensitive model. The adjustment by Lei et
al. also varied for individual VOCs, including a factor-of-
9 increase for HCHO and no increase for alkenes. The re-
sulting VOC speciation differed from West et al. West et
al. and Lei et al. both evaluated their model results using
measured O3, VOC and NOy and both interpreted the avail-
able NOx measurements as representing NOy. The smaller
emissions adjustment used by Lei et al. were also supported
by measurement-based analyses, although with some uncer-
tainty (Velasco et al., 2005, 2007). It is also possible that the
different emissions adjustments used by West et al. and Lei
et al. reﬂect reductions in ambient VOC between 1997 and
2003. Accuracy of the emission inventory (including both
total VOC, VOC/NOx ratios and VOC speciation) has his-
torically had a large impact on model predictions for ozone-
precursor sensitivity (e.g. Pierce et al., 1998).
The difference between the models is also closely associ-
atedwithdifferences inambientNOx andNOy inthemodels.
The results here show that VOC-sensitive conditions in the
model by West et al. are associated with model ambient NOx
above 10ppb and NOy above 30ppb, while NOx-sensitive
conditions are associated with lower NOx and NOy. Median
NOx during the afternoon is below 10ppb. By contrast, in
the model by Lei et al., NOx varies from 10 to 80ppb be-
tween 12h and 17h and is rarely below 10ppb. The high
NOx values in the model by Lei et al. correspond with VOC-
sensitive conditions in the model by West et al., and the
NOx-sensitive conditions in the model by West et al. corre-
spond to lower ambient NOx than is found in the model by
Lei et al. NOx/NOy ratios were also much higher in Lei et
al. (2007). The VOC-sensitive response in Lei et al. was as-
sociated with NOz/NOy equal to 0.7 or lower (equivalent to
NOx/NOy equal to 0.3 or higher), and the region with low
NOx/NOy coincides with high O3. In the model by West et
al. high O3 coincided with NOx/NOy from 0.2 to 0.6 and the
lower values (NOx/NOy <0.4) had NOx-sensitive chemistry.
In addition to having lower NOx/NOy, the model by West et
al. predicted NOx-sensitive chemistry for somewhat higher
NOx/NOy than was reported by Lei et al. (2007, 2008).
This difference in ambient NOx could be caused by dif-
ferences in meteorology or by differences in NOx emission
rates. The episode investigated by Lei et al. (15 April 2003)
had unusually stagnant conditions, which leads to higher
NOx andNOy andalsomakesVOC-sensitivechemistrymore
likely (Milford et al., 1994). The difference in NOx could
also be caused by differences in VOC emission rates and spe-
ciation, since formation of organic nitrates appears to be the
dominant removal process for NOx.
Thedifferencebetweenthesensitivitypredictionsfromthe
models by West et al. and Lei et al. might be resolved by
careful measurement of NOx and NOy. In this context it is
noteworthy that Shirley et al. (2006) measured NOx at a site
in Mexico City during 2003 and found median afternoon val-
ues equal to 20ppb, though with a wide range of variation.
6 Conclusions
We have investigated correlations between ozone and reac-
tive nitrogen in a model of a 1997 event in Mexico City, in
contrast with similar results from other cities. These correla-
tions are often linked with model predictions of the response
of ozone to reductions in precursor emissions.
Results showed that the model ratio of PAN to O3 is higher
than in many other locations, but comparable to model re-
sults for Paris. The high PAN relative to O3 is attributed
to the relatively low temperature in comparison to other lo-
cations during events with elevated O3, which increases the
photochemical lifetime of PAN. The model ratio of PAN to
HNO3 is unusually high and cannot be explained by temper-
ature. We expect that it reﬂects the high ratio of VOC to NOx
in Mexico City and the high reactivity of VOCs. Measure-
ments show PAN signiﬁcantly higher than the model values
and HNO3 comparable to model values.
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The model predicts that ozone in Mexico City shows
mixed sensitivity to NOx and VOC, in contrast to model
studies of more recent (2003) events (Lei et al., 2007) and
measurement-based studies (Stephens et al., 2008) that pre-
dicted strongly VOC-sensitive chemistry in Mexico. The dif-
ference in predicted O3-NOx-VOC sensitivity is most likely
due to changes in emissions between 1997 and 2003 or to
uncertainties in emission rates in general. The difference in
sensitivity predictions is associated with differences in pre-
dicted ambient NOx during the afternoon, which were fre-
quently below 10ppb in the model used here and 10–90ppb
in the more VOC-sensitive model from Lei et al., 2007. The
lower ambient NOx may be caused by higher VOC emissions
and more rapid conversion from NOx to organic nitrates.
Results were also used to explore the relation between
ozone-precursor sensitivity and model ambient values of
species that might provide a measurement-based test for the
accuracy of the sensitivity predictions. NOx-sensitive con-
ditions were found to be associated with high values of
H2O2/HNO3 and O3/NOy, as has been found for other lo-
cations. NOx-sensitive conditions were also associated with
high O3/HNO3, but the O3/HNO3 ratio was much higher
than in other locations regardless of model NOx-VOC sen-
sitivity. O3/HNO3 behaves differently in Mexico City than
elsewhere because removal of odd hydrogen radicals is dom-
inated by the formation of PAN and other organic nitrates
rather than by the formation of HNO3 and peroxides. This
supports the use of some of the measurement-based indica-
tors of ozone sensitivity developed elsewhere (H2O2/HNO3
and O3/NOy) by showing that they also apply in a differ-
ent chemical and meteorological context. However it sug-
gests that caution should be used in interpreting the ratios
O3/HNO3 and O3/NOz as indicators of ozone sensitivity.
These results suggest that long-term measurements of
NOx and NOy might be especially useful in characterizing
the ozone-precursor relation in Mexico City.
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